Notothenioids represent a large group of marine teleosts that are mostly endemic to the Antarctic Ocean. In this environment, the low metabolic demand and the high oxygen concentration reduce the need for hemoglobin(s) [Hb(s)]. The extreme condition is represented by the icefish (Channichthyidae, Notothenioidei), the only vertebrates that lack Hb. We obtained the nucleotide sequence coding for the ␤-globin chain of the single major Hb form in six red-blooded notothenioids. These included Gymnodraco acuticeps, one of the closest species to the Hb-less icefish, which is also the only known fish having a single Hb without Bohr effect. This species shows a higher rate of nonsynonymous substitutions (K A ), in contrast with the homogeneity of synonymous substitution (K S ) rates, and K A ͞K S ratios significantly greater than one in the majority of comparisons. These results are suggestive of positive selection, diversifying the single major Hb toward specialized functions. A single Hb that is free to diversify means that its role in routine oxygen transport can be reduced in the presence of a combination of physiological, ecological, and environmental factors. Although a reduced ''routine'' function for Hb, as is apparent in G. acuticeps, might, indeed, evoke the lack of Hb in icefish, evidence of diversifying selection reported here is at variance with the hypothesis of a simple trend from a single Hb toward the Hb-less condition.
is made possible by a lower metabolic demand and a higher oxygen solubility, which are associated with the cold temperature. The tendency toward reduction of oxygen carriers reaches its extreme with the notothenioid family Channichthyidae (icefishes), which are the only vertebrates completely lacking Hb (6) . Even red-blooded notothenioid fishes have a reduced amount of Hb, compared with temperate species, and generally show a single major form, accounting for 95-99% of total Hb (7) . Multiplicity of Hb forms in fish is usually linked to the need for dealing with a mutable environment or different habitats (8) . For this reason, the presence of a single Hb form has been regarded as the consequence of a narrowed role for oxygen carriers in notothenioids, possibly resulting from the benthic mode of life, as well as from the peculiarity of the environmental conditions (5, 9) . The ecological importance of notothenioids in the Antarctic marine ecosystem and their remarkable adaptations to this extreme environment have meant that great efforts have been devoted to study notothenioid physiology, with special attention to the system of oxygen transport, and a great wealth of data at the anatomical, functional, and biochemical level has been produced. The next step was to address the issue of notothenioid Hb evolution by looking directly at globin genes.
The primary amino acid sequences of the ␣-and ␤-chains are known for the major Hb of several notothenioid species (7, 10) , but no information is available at the DNA level, except for a single species, Notothenia coriiceps neglecta (11) . By using a PCR-based approach (see Methods), we have obtained the complete nucleotide coding sequence of the major ␤-globin chain for additional six notothenioid species. Their phylogenetic relationships are known from both morphological (4) and molecular studies (ref. 12 ; Fig. 1A ), and this knowledge offers the opportunity for a comparative approach to explore adaptive differences among lineages. Four of the species studied (Pagothenia borchgrevinki, Trematomus newnesi, Trematomus bernacchii, and Trematomus hansoni) are closely related, belonging to the subfamily Trematominae, but have largely diversified ecological behaviors. T. hansoni and T. bernacchii retain a benthic habit, whereas T. newnesi is semipelagic, living on the bottom but exploiting the water column, and P. borchgrevinki is cryopelagic, being associated with the immediate undersurface of ice, where it actively feeds. The other two species, Cygnodraco mawsoni and Gymnodraco acuticeps, are representative of the family Bathydraconidae, the closest sister group to the Hb-less icefish. Both are benthic, but G. acuticeps is a rather active ambush predator living in shallow water, in contact with anchor ice, whereas C. mawsoni is much less active and present at greater depth (110-300 m).
These six species display interesting differences in their Hbs (7) . Some of them, namely, T. hansoni, T. bernacchii, and C. mawsoni, have a single major Hb [Hb1, representing 95-97% of total Hb, formed by two identical ␣-and ␤-chains (␣1 and ␤1, respectively)], with normal Bohr and Root effects. These effects are very weak for the Hb1 (70%, ␣1-␤1) of T. newnesi; this species, however, has a second Hb component (HbC, 25% ␣1-␤2) that shows a normal Bohr effect. P. borchgrevinki seems to have the highest multiplicity observed in notothenioids thus far, with five Hbs (Hb0, Hb1, Hb2, Hb3, and HbC), with the major component (Hb1, 70%) showing only weak Bohr and Root effects (13) . The most striking, however, is G. acuticeps, which represents the only fish species with a single Hb (Hb1, 99%, ␣1-␤1), completely lacking Bohr effect (7) .
A comparative analysis of nucleotide sequences might shed light on the evolutionary processes experienced by notothenioid ␤-globins. Comparisons at the DNA level, in fact, enable the distinction between synonymous and nonsynonymous nucleotide changes. Synonymous (''silent'') substitutions at coding genes make no change to the protein sequence encoded and appear to be largely neutral (particularly in vertebrate genes). In contrast, nonsynonymous substitutions result in amino acid replacements and are subjected to both negative and positive selection. Silent͞replacement substitution patterns might, therefore, give helpful indications on the selective forces acting on the genes analyzed (14) . Indeed, in the case of notothenioid ␤-globin, this kind of analysis provided evidence for positive selection operating to diversify the major Hb, possibly in relation to different ecological habits.
MATERIALS AND METHODS
Reverse Transcriptase-PCR with Degenerate Primers. Total RNA was extracted from spleen tissue with a commercial kit (RNA-Fast II; Molecular Systems). One to two micrograms of RNA was used to perform first strand cDNA synthesis with avian myeloblastosis virus (AMV) reverse transcriptase and random hexamers under standard conditions. Published amino acid sequences of notothenioid ␤-globin were aligned, and regions of high conservation were used to design PCR primers. To take into account genetic code degeneracy, inosine (at 4-fold degenerate sites) or multiple bases (at 2-fold degenerate sites) were included in the oligomers. PCR amplification with degenerate primers yielded a single product 350 bp long, representing the central portion of the ␤-globin coding sequence.
PCR products were cloned into a vector with T-overhangs, and two to three clones of each insert were cycle-sequenced in both directions.
5 and 3 Rapid Amplification of cDNA Ends (RACE). On the basis of the obtained sequences, new primers were designed, with enhanced specificity. These oligomers were oriented to perform 3Ј or 5Ј RACE. Both reactions were performed with a commercial kit (3Ј RACE kit or 5ЈRACE kit; BRL Life Sciences), following manufacturer's instructions, with slight modifications. Products of the 3Ј RACE were directly sequenced (without prior cloning). For 5Ј RACE products, cloning was needed to obtain reliable sequences.
PCR Amplification and Direct Sequencing of the Complete Coding Sequence. The sequence of the complete coding region of all species was obtained by first joining sequence information from reverse transcriptase-PCR, 3Ј RACE, and 5ЈRACE steps. Then, by using novel primers, we amplified and directly sequenced the complete region, to confirm previous sequence information. Positions and sequences of all primers, as well as PCR conditions, are available from T.P. upon request.
Sequence Analysis. The obtained nucleotide sequences (GenBank accession nos. AF067566-AF067571) plus the ␤-globin cDNA sequence of N. coriiceps (U09187) and Salmo salar (X69958) were aligned with CLUSTALW (15) . Only a single insertion-deletion event was present (corresponding to an additional amino acid residue in S. salar), which was excluded from subsequent analyses. Reconstructions of phylogenetic relationships among ␤-globin genes were performed with several tree-building methods: maximum parsimony (MP), maximum likelihood (ML), minimum evolution, and neighborjoining. MP, ML, and minimum evolution were implemented in PAUP Version 4.0d64 (16) , and neighbor-joining was implemented in MEGA Version 1.02 (17) .
Different weighting schemes were used in MP accounting for differences between transitions (TSs) and transversions (TVs). Similarly, different nucleotide models in ML and different distances in minimum evolution and neighborjoining were used, incorporating parameters such as base Proc. Natl. Acad. Sci. USA 95 (1998) frequencies and TV͞TS ratio. The robustness of each node was assessed under all methods with a bootstrap approach (18), with 2,000 replicates. On the basis of the obtained topology, nucleotide sequences at internal nodes were reconstructed with a ML method, as implemented in PAML Version 4.3B (19) . Rate homogeneity was tested in pairwise comparisons at the nucleotide and amino acid level with different approaches. A relative rate test was conducted separately on synonymous and nonsynonymous nucleotide substitutions with two distinct methods. In the first, distances at synonymous and nonsynonymous sites, as well as their variances and covariances, were estimated between the two examined sequences and also in relation to a third reference sequence (20) . Statistical significance of rate differences were assessed with a t test with infinite degrees of freedom. The second method is implemented in the program CODRATES (21) and is based on a likelihood ratio test between likelihood values obtained under the alternative hypotheses of constant or independently varying silent, as well as replacement rates in the frame of a ML model of codon evolution. In both cases, N. coriiceps ␤-globin was used as reference sequence.
Rate differences were also estimated with reconstructed sequences. In this case, there was no need to use a third sequence as reference or to calculate distance covariances along the common branch leading to the outgroup. Distances were estimated for each of the two compared sequences starting from the common ancestral sequence and statistically significant differences assessed with t tests.
A (two-taxa) relative rate test was also conducted directly on the deduced amino acid sequences, as implemented in the CLUSTER-TEST program of Takezaki et al. (22) , with different amino acid distances.
With regard to the estimate of synonymous and nonsynonymous number of substitutions per site, several methods, including those of Nei and Gojobori (23), Li (24), Ina (25) , and Muse (26), were used. Statistical deviation of the ratio of the number of substitutions per nonsynonymous site (K A ) to the number of substitutions per synonymous site (K S ) from the null hypothesis (K A ͞K S ϭ 1) was assessed by calculating the deviation of K A Ϫ K S from zero with a t test (27) .
To determine K A ͞K S , we also used a different method. Our approach was based on a ML model of codon evolution (28) (29) (30) (31) . This likelihood approach should allow the incorporation of more realistic models of substitution, taking TS-TV bias, unequal base frequencies, and codon bias into account. A detailed discussion of the model is beyond the scope of this report; the reader should refer to Yang (30) and Yang and Nielsen (31) for a precise description. Briefly, as implemented in the program PAML (19) , this ML method makes the estimation of K A ͞K S value(s) possible under different models, allowing for different levels of heterogeneity of K A ͞K S ratios among lineages. The simplest model assumes a single K A ͞K S ratio, which is the same for all branches of the phylogenetic tree. The most general model allows estimation of K A ͞K S values separately for each branch along the tree. Several intermediate models are possible between these two extremes, allowing only selected K A ͞K S values to be estimated independently. The fit of different models to the data might then be evaluated in a likelihood ratio test (30) . In all elaborations of our data set, two different methods were used to estimate codon frequencies. Frequencies were either calculated from the average nucleotide frequencies at each of the three codon positions or left as free parameters to be estimated by the ML procedure (31) .
RESULTS AND DISCUSSION
In all the species analyzed, the ␤-globin coding region was the same size (438 nucleotides, 146 codons), whereas the 3Ј untranslated region yielded a sequence that was variable in length [range, 103-120 bp, excluding the poly(A) sequence]. Only part of the 5Ј untranslated region (15-40 bp, depending on the species) was obtained, probably because of premature termination in the reverse transcription during the 5Ј RACE. When possible, protein sequences deduced from cDNA sequences were also compared with the amino acid sequences, which were available in the literature and obtained directly sequencing the protein. Generally a good agreement was found, with a single difference at position 134 of C. mawsoni ␤-globin sequence, where we observed a leucine instead of a methionine.
Because both untranslated regions were difficult to align with the homologous regions in S. salar, they were excluded from the data set, and only the complete coding region (438 bp) was used in the phylogenetic analyses.
To reconstruct the relationships among ␤-globin genes, we used several methods of phylogenetic inference (see Methods). The same gene tree was obtained (Fig. 1B) with all methods. This tree agreed with the tree resulting from the analysis of mitochondrial ribosomal RNA genes (Fig. 1 A) . The above evidence suggests that the globin genes examined are orthologous, i.e., divergence is not caused by gene duplication but traces back to a speciation event. On the basis of the obtained topology, ancestral sequences were also inferred by means of MP and ML methods and used in the subsequent analyses.
The constancy of evolutionary rate between lineages was then tested separately for synonymous and nonsynonymous substitutions at the nucleotide level. A rate test was performed on nucleotide substitutions with different methods, always with N. coriiceps as reference taxon. In all pairwise comparisons, silent mutation rates proved to be homogeneous. In contrast, when nonsynonymous substitution rates were compared between lineages, G. acuticeps showed a significantly higher rate of replacement changes with respect to T. hansoni, T. bernacchii, and C. mawsoni (Table 1) . P. borchgrevinki and T. newnesi fell between these extremes, having nonsynonymous rates that were higher (though not significantly) than those of T. hansoni, T. bernacchii, and C. mawsoni but lower than that of G. acuticeps.
When sequences were analyzed at the protein level, P. borchgrevinki also displayed a significantly higher rate of substitution with respect to T. hansoni and T. bernacchii (Table  1) .
Given the overall constancy of synonymous rates, it can be reliably assumed that all lineages have a similar ''neutral'' substitution rate. Under this hypothesis, differences in the rate of amino acid substitutions are only explained as a consequence of selective forces acting on the same gene in a different way, depending on the species examined. In most cases, replacement substitutions are likely to be deleterious and subjected to purifying selection. In a few cases, however, some amino acid replacements are favorable and positively selected. A higher rate of nonsynonymous substitutions can be interpreted as the consequence of either positive selection or reduced negative selection due to relaxed constraints. A possible way to discriminate between these two alternative hypotheses is to estimate K A and K S . In most protein-coding genes, negative selection on replacement substitutions is usually prevalent; hence, K A is expected to be lower than K S , and their ratio (K A ͞K S ) is expected to be less than one. However, if advantageous amino acid mutations occur, they might reach fixation faster than neutral substitutions, inflating K A . Hence, a K A ͞K S ratio greater than one is indicative of strong adaptive selection (10) . This is the case for G. acuticeps, in which replacement substitutions always outnumber the silent ones (K A ͞K S falls in the range of 1.2-5.0), and K A ͞K S is significantly greater than one in the direct comparison with its sister species (K A ͞K S ϭ 5.0; P Ͻ 0.01). This evidence suggests that the increased rate of amino acid substitutions of G. acuticeps ␤-globin was driven by positive selection toward diversification. Though the most impressive, the case of G. acuticeps, however, is not unique. Also, P. borchgrevinki shows an amino acid substitution rate that is significantly higher (P Ͻ 0.05) than those of T. hansoni and T. bernacchii, with K A ͞K S Ն 1 (range, 1-1.3). In general, most pairwise comparisons yielded K A ͞K S ratios higher than one. The lowest values were observed when T. hansoni and T. bernacchii were compared (K A ͞K S ϭ 0.29). Values less than one were obtained also for the K A ͞K S ratios between N. coriiceps and all other species (average K A ͞K S ϭ 0.8) when G. acuticeps was excluded from the analysis to avoid the overwhelming effect of the large variation displayed by this species. This pattern is further confirmed by the analysis on ancestral sequences. K A and K S were, in fact, estimated for each branch with the reconstructed sequences at ancestral nodes, to partition molecular variation along the globin gene tree (Fig. 2) . Again, K A was equal or greater than K S for all branches with two exceptions: the branch leading to T. hansoni and the part of the tree connecting N. coriiceps ␤-globin to the ancestral node common to all the other notothenioids. In the latter case, the inferred K A ͞K S ratio was one of the lowest found here (K A ͞K S ϭ 0.45).
All the results presented are based on the method of Nei and Gojobori (23) to calculate K A and K S because it best fits our data (low divergence, no TS-TV bias) and has the lowest variances. However, it should be noted that the results did not depend on the method used to estimate K A and K S . Different methods are known to produce different results, when distantly related sequences are compared, but when the distance is lower than 0.1-0.2, the result is insensitive to the effect of potential sources of error such as multiple hits, TS-TV, or codon bias (32) . This is the case of notothenioid ␤-globin sequences, in which pairwise distances are almost always lower than 0.1 (mean K S ϭ 0.044, mean K A ϭ 0.062).
ML analysis of synonymous and nonsynonymous rate ratios provides further support to the above evidence. The ML approach evaluates the entire codon as unit of evolution, instead of the single nucleotide or amino acid site (28, 30, 31) . This method allows the direct incorporation and, therefore, the correction for effects such as TS-TV and codon bias that are usually ignored with the approximate methods described above.
On the basis of the topology obtained for the ␤-globin genes (Fig. 1B) , likelihood ratio tests were applied to test for the constancy of nonsynonymous to synonymous rate ratios among evolutionary lineages.
Different models can be tested with the ML approach. The two most extreme models assume either a unique K A ͞K S rate ratio for all branches of the tree (one-ratio model) or an independent K A ͞K S value for each branch (free-ratio model). Between these extremes, several intermediate models can be tested, based on different assumptions, depending on which branches are allowed to have a ''free'' rate ratio. When ␤-globin genes were analyzed, a three-ratio model was found to fit data significantly better than one-ratio model. With the one-ratio model, the log likelihood (l) value was l one ϭ Ϫ974.9, whereas under a model with three free ratios, we obtained l three ϭ Ϫ971.6. Because the latter model involves the estimation of three values, whereas the one-ratio model assumes a single K A ͞K S ratio, twice the log likelihood difference, 2⌬l ϭ 2(l three Ϫ l one ) ϭ 6.6, can be compared with a 2 distribution with 2 (3 Ϫ 1) degrees of freedom. This allows a test of which model better fits the data. The difference between the two models is significant (P Ͻ 0.05) in favor of the three-ratio model, thus confirming that a significant heterogeneity in K A ͞K S ratios is present in notothenioid ␤-globins. The three-ratio model used allows the separate estimation three K A ͞K S values along the ␤-globin tree, as shown in Proc. Natl. Acad. Sci. USA 95 (1998) leading to G. acuticeps, one for the branch connecting N. coriiceps to the rest of globin sequences, and another for all the remaining branches. The three estimated values (and relative SEs) of K A ͞K S are 3.6 Ϯ 0.8 (G. acuticeps), 0.27 Ϯ 0.15 (N. coriiceps), and 1.1 Ϯ 0.6 (the rest of the lineages). A model with all values free to vary was not significantly better than the three-ratio one (P ϭ 0.5), and the simpler three-ratio model was preferred. In summary, all the analyses we performed showed that replacement rates are not homogeneous among globin genes of different notothenioid species and that K A ͞K S values are larger than one in several branches, being significantly higher in G. acuticeps.
Hb plays a pivotal role in all vertebrates, providing oxygen delivery to peripheral tissues. It has often been maintained that, especially in fish, selection acts differently on Hbs of different species to match the different environmental and ecological requirements. For instance, the rainbow trout shows three major Hb forms (HbIV, HbI, and HbII); HbIV displays a strong Bohr effect, whereas HbI and Hb II are insensitive to pH (i.e., the Bohr effect is completely absent). It is thought that, during fast movement, the pH at the gills might drop too low for efficient oxygen uptake by those Hbs that exhibit the Bohr effect (8) . In this case, the presence of an additional, pH-independent Hb component is, therefore, regarded as a specialized ''adaptive'' function for oxygen delivery at low pH conditions. Moreover, a recent study (33) examined the effect of temperature on the oxygen-binding properties of the Hbs of three notothenioid fish species. A reduced thermal sensitivity of oxygen binding has been proposed (7) as a general adaptive strategy of the oxygen transport system to subzero temperatures and interpreted as an ''energy-saving'' mechanism because only small amounts of energy are liberated during oxygenation-deoxygenation cycles. Fago et al. (33) found that Hbs lacking Bohr and Root effects show a heat of oxygenation that is largely independent on temperature. A reduced or absent Bohr effect, therefore, should not be regarded as a ''loss of function.'' However, the adaptive value of such peculiar physiological conditions often remains elusive. Although, in some cases, it has been possible to assign functional ''shifts'' to single amino acid replacements (34) , the structural basis of Hb properties such as Bohr and Root effects is still unclear, especially in fish Hbs. The same effect might be obtained in different species under different conditions, and a large number of amino acid residues are likely to be involved in either long-range or local interactions (35) . Hence, the need arises for the study of adaptation at the molecular level, correlating results of DNA analyses with specific functional and ecological properties.
In the case of notothenioids ␤-globins, our study revealed significant variation in nonsynonymous rates of substitution. Evidence for different rates in ␤-globin sequence evolution also correlates quite well with the anatomy, physiology, and ecology of notothenioid species. In fact, higher rates result for those species having diversified their habitat (P. borchgrevinki and T. newnesi) and their physiology (G. acuticeps). In addition, replacement substitutions occur more frequently than silent ones in most lineages, reaching an extreme with G. acuticeps. In the latter case, the K A ͞K S ratio is significantly greater than one (K A ͞K S ϭ 3.6 Ϯ 0.8), providing evidence for positive selection. Moreover, all methods used to estimate K A ͞K S assume that this ratio is constant over all codon sites, i.e., all amino acid positions of the ␤-globin sequence experience the same selective pressure. This assumption is extremely unrealistic because several amino acid residues are conserved to maintain the structure and function of the protein. Therefore, the criterion defining positive selection (K A ͞K S Ͼ 1) is often exceedingly restrictive. Functional constraints likely set an upper limit to amino acid mutations, whereas synonymous substitutions occur nearly equally at different phylogenetic distances. When distant phylogenetic groups are compared, negative selection usually obscures any evidence of adaptive events. This is the case for the value observed on the branch leading to N. coriiceps (K A ͞K S ϭ 0.27 or 0.45, depending on the method used, see Fig. 2 ), indicative of the importance of performing K A -K S analyses in the appropriate evolutionary time frame. Furthermore, the assumption of constant rate of amino acid change across all protein sites is rejected when two alternative models are compared: a constant model of rates among sites versus a ␥ model with four categories of rates. The latter is significantly better at explaining variation at the amino acid level in the notothenioid ␤-globins (P Ͻ 0.001), with an estimated ␥ parameter a ϭ 0.24. This suggests a remarkable heterogeneity in rates among sites. A reconstruction of mutation rate at each site (Fig. 3) revealed invariant, moderately, and fast-evolving positions. Invariant sites exactly corresponded to amino acid residues known to be essential for a proper Hb function, whereas sites showing a high rate of evolution should be regarded as possible target of positive selection.
In light of the above arguments, evidence of rate heterogeneity and high values of K A ͞K S should, therefore, be interpreted as an indication that adaptive selection had an important role in shaping the evolution of the major ␤-globin in   FIG. 3 . Differences among sites in the rate of amino acid substitutions were examined generating a variability profile along the ␤-globin sequence. First, we used an MP approach to estimation of the parameter a of the ␥ distribution (36) with four categories of rate, based on the obtained topology (19) . Second, substitution rates per site were estimated with a discrete ␥ model, as implemented in PAML. Evolutionary rates were scaled such that the mean of rates across sites was one. On the horizontal axis are reported the amino acid residues of the major notothenioid Hb (1-146) . On the vertical axis are indicated the ''relative'' values of substitution rate at each site. Gray boxes, protein regions that are essential for proper Hb function. The hypothesis of diversifying selection acting on Hb, in the Antarctic environment, where the need of oxygen carriers is reduced might seem counterintuitive and relaxed selection could appear a more likely evolutionary scenario. However, evidence from the present study suggests caution against simplistic interpretations. As mentioned earlier, Hbs showing weak or absent Bohr and Root effects might have an adaptive role in peculiar conditions. In temperate fish, this occurs in the presence of several different Hb forms. On the contrary, a single Hb is generally present in notothenioids. Under the extreme Antarctic conditions, there might be a reduced role in routine oxygen transport for the single major Hb, which is, therefore, free to adapt to more specialized functions. In T. newnesi and P. borchgrevinki, this seems to be partially counterbalanced through the expression of other, minor, Hb forms. In G. acuticeps, despite the existence of a second conserved gene, only a single Hb (99%) is present. Nevertheless, its ␤-globin experienced a surprisingly rapid evolution.
To understand this striking evidence, it should be recalled that this species is one of the closest relatives to the Hb-less icefish. It has a scaleless skin, allowing cutaneous respiration, like channichthyids, has pseudochoanae, and has a particular ecological behavior (ambush predator), being usually sluggish. These peculiarities likely contributed to greatly reducing the need of routine oxygen transport. On the contrary, in agreement with the molecular evidence of diversifying selection on the ␤-globin gene, specialized Hb functions might still be required to face the consequences of the sudden bursts of activity due to its preying behavior and to provide the necessary thermal adaptation (G. acuticeps lives in contact with anchor ice, experiencing extremely low temperatures, as suggested by the high level of circulating antifreeze glycopeptides).
In conclusion, our comparative analysis reveals the unexpected complexity of notothenioid ␤-globin evolution, demonstrating that selection acts differently on different species. Although a reduced ''routine'' function for Hb, as apparent in G. acuticeps, might, indeed, evoke the lack of Hb in icefish, evidence of diversifying selection reported here is at variance with the hypothesis of a simple trend from a single Hb toward the loss of Hb.
Recently, Cocca and colleagues (11) found genomic remnants of ␣-globin genes in icefish but no traces of ␤-globin genes. This led to the hypothesis that a sudden deletion of the ␤-globin locus might have been the event leading to the Hb-less condition (11) .
However, our evidence suggests that, despite being set free from routine functions in some species, Hb in red-blooded notothenioids may be finely tuned to match different physiological and ecological needs, and therefore, its adaptive importance should not be overlooked. Hence, rather than being the starting point, ␤-globin gene deletion is likely to be the end of the evolutionary process that led the icefish to completely abolish even the need of specialized Hb functions and to attain their unique Hb-less condition.
